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Application of Biaryl Phosphacycles in Palladium-Catalysed
Suzuki-Miyaura Cross-Coupling Reactions of Aryl Chlorides

Jairus L. Lamola,” Paseka T. Moshapo,” Cedric W. Holzapfel,” and

Munaka Christopher Maumela*® !

The use of Pd-catalysts based on biaryl phosphacycles allowed
facile Suzuki-Miyaura couplings of a wide range of deactivated,
sterically hindered, and heteroaryl chloride substrates with aryl

Introduction

Palladium-catalysed cross-coupling reactions have emerged as
extremely powerful methods for the construction of C—C and
C-heteroatom bonds of simple to complex organic
molecules."™ Among these are the Suzuki-Miyaura reactions
which form cornerstone for the construction of C—C bonds
between organoborons and organohalides (or equivalents).*™
Several authors have demonstrated that these reactions can be
facilitated by tertiary phosphine ligands which are well known
for their captivating o-donating and  s-accepting
properties."'¥ These enable effective fine-tuning of the steric
bulk and electron density around the active Pd center.
Furthermore, these ligand stereoelectronic effects are believed
to play important roles in oxidative addition and reductive
elimination of the catalytic cycle."*?” An important class of
phosphines which exhibits superior performances in a variety of
Pd-mediated transformations is those featuring dialkylbiaryl
phosphines.®* This special class of ligands have been
extensively demonstrated to possess unique and desirable
ligand parameters, which allow for their diversified applications
in  Suzuki-Miyaura,"*#%  Heck®**"  Negishi,®*?*  and
Sonogashira®~*® as well as C-N*"*" and other C—X (X=0,
S,“0 F 11 5j 42 and B“*#) cross-coupling reactions.
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boronic acids. Notably, the strongly electron-deficient and
sufficiently hindered biaryl phosphacycle ligand 7 consistently
demonstrated effective performance.

Following the development of dialkylbiaryl phosphines by
Buchwald, numerous classes of phosphine ligands bearing
biaryl moieties and P-alkyl substituents were investigated for
their catalytic pontetial in a variety of Pd-mediated
transformations.*=” Among these are biaryl phosphacyles
(Figure 1) which represent an interesting class of underexplored
phosphines that are characterised by their inherent stability as
well as unique steric and electronic properties.®” To our
knowledge, the only reports of biaryl phosphacycles applied for
Pd-mediated transformations are those developed by Tang and
Senanayake (1),°>*® Shekhar (2),°” Cramer (3),** and Guéritte
(4) (Figure 1).°°

The present study reports a small library of biaryl phospha-
cycles bearing the phobane (5 and 6) and phosphatrioxa-
adamantane (7) frameworks, and their application in Suzuki-
Miyaura cross-coupling reactions. Their catalytic potentials were
evaluated for a wide-range of aryl chorides and boronic acids.
The structure-activity relationships of the ligands were also
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Figure 1. Biaryl phosphine ligands with cyclic (1-7) and acyclic (8-10)
frameworks.

Precedent biaryl phosphacycles
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compared to those of commercialised and closely related
Buchwald ligands 8-10.

Results and Discussion

As described in our previous study, the synthesis of biaryl
phobane[3.3.1] (s-Phob) ligands 5 and 6 proceeded via
nucleophilic substitution reactions of the phobane[3.3.1]
chloride and the corresponding metal-biaryl nucleophile.*” On
the other hand, biphenyl-phosphatrioxa-adamantane (—Cg)
ligand 7 was synthesised via a one-step Pd-mediated C—P cross-
coupling reaction between 2-bromobiphenyl and phospha-
trioxa-adamantane (Cg—H).®” We also used well-established
theoretical and experimental methods to investigate the
electronic and steric properties of biaryl phosphacycles 5-7 as
well as those of the closely related dialkylbiaryl phosphines 8-
10.5% These include the *'P—""Se coupling constants ('J;_s.), C—O
stretching frequency (vo), computed bond enthalpies (AE),
molecular electrostatic potentials (V,,,) to investigate the
electronic properties. While the percent buried volume, as well
as the solid and cone angles were used to investigate the steric
properties.”®

In this study, the electronic and steric parameters previously
derived from phospho-selenides (Table 1) will be used to
explore structure-activity relationships. It can be seen that the
o-donor character of the phosphine ligands increases in the
order 7 (least o-donating) <10<PPh;<6<9<8<5 (most
o-donating) (entries 1-7, Table 1).°® On the other hand, the
steric bulk derived from the exact cone angles decreased in the
order ligand 10 (most hindered) >7>6>9>8>5 > PPh; (least
hindered).®®

Table 1. Electronic and steric parameters derived from P=Se systems.*®

;‘ ‘/)7 A ﬁe Z )
pov: PCyz P’Buz \/\P >
I| MeO OMe II MEO OMe A
\ )

Catalytic Evaluation of Biaryl Phosphacycles 5-7

The coupling of aryl bromide 11 with arylboronic acid 12 was
used as a model reaction to establish suitable reaction
conditions using Pd-catalysts based on the strongly o-donating
ligand 5 and electron-deficient ligand 7 (Table 2). Coupling
proceeded with 100% conversion and selectivity towards the
desired biaryl product 13 in the presence of 1 mol% Pd(OAc),,
2mol% L and 2 equiv. of K;PO, in toluene at 100°C for 12 h
(entry 4, Table 2). Evaluating a few commonly used bases in
Suzuki-Miyaura reactions (KF, Cs,CO; and K,CO,) afforded cross-
coupled product in diminished yields (entries 1-3, Table 2).%°¥
Similarly, using the soluble organic base Cy,NMe resulted in

Entry PR;Se Electronic parameter Exact cone
(Up_ser H2)™ angle 6°®!

1 5a 673 1785

2 6a 705 220.0

3 7a 780 222.0

4 8a 691 181.3

5 9a 697 182.8

6 10a 735 228.5

7 PPh;Se 733 169.3

[a] ’P-""Se coupling constant of the corresponding phospho-selenides.
[b] The exact cone angles (6) were based on crystallographic P=Se systems
and quantified using FindConeAngle implemented in Mathematica.”™

Table 2. The determination of suitable conditions for Suzuki-Miyaura
reactions using biaryl phosphacyclic ligands 5 and 7.’
OBr+(HO @ 1 mol% Pd(OAc),, 2 mol% L Me
Solvent, 100 °C, 2 equiv., base,
12h 13
Entry Pd Source Ligand Base Solvent GC Yield
(%)
1 Pd(OAc), 5 KF Toluene 56
7 56
2 Pd(OAc), 5 Cs,CO,4 Toluene 60
7 80
3 Pd(OAc), 5 K,CO, Toluene 89
7 78
4 Pd(OAc), 5 K;PO, Toluene 100
7 100
5 Pd(OAc), 5 Cy,NMe Toluene 7
7 31
6 Pd(OAc), 5 2 M KOH/ Toluene 55
7 MeOH 67
7 Pd(OAc), 5 2 M K;PO,/ Toluene 27
7 EtOH/H,O 60
8 Pd(OAC), 5 K;PO, DMA 20
7 40
9 Pd(OAC), 5 K;PO, DMF 25
7 68
10 Pd(OAc), 5 K;PO, Dioxane 74
7 70
12 Pdcl, 5 K;PO, Toluene 57
7 50
13 Pdcl, 5 K,CO; Toluene 43
7 61
14 PdCl,(cod) 5 K;PO, Toluene 74
7 77
15 PdCl,(cod) 5 K,CO4 Toluene 71
7 79
[a] Reaction conditions: ArBr (1.0 equiv.), PhB(OH), (1.5 equiv.), base
(2 equiv.), Pd(OAc), (1 mol%), L (2 mol%), toluene, 100°C, 12 h, Ar. GC
yield (%) from average of two experiments, based on ArBr. In all cases,
coupling was selective to the desired biaryl product 13. Thus, conver-
sion =GC yield. Additional results can be retrieved in Table S1 (SI).
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R R 1mol% Pd(OAc),, RR
@C' * mobB@ 2 mol% L, Toluene, 100 °C,

14a.i 12a-¢ 2 equiv. K3POy, 12 h Jﬁﬁ;{l},)a
0 0
e~ 00 OO0 OO0
13a 13b 13c 13d
5=90% 5=87% 5=95% 5=95% 7=97%
6 = 96% 6 = 96% 6 =93% 6=96% 8 = 96%
7=95% 7=89% 7=96% PPh; = trace
H MeO
13e 13f 13g 13h

5=89% 7=86% 5=92% 7=96% 5=97%7=95% 5=97% 7=96%
6=93% 8=90% 6=97% 10=88% 6=96% 10=80% 6=98% 9=97%

PPh; = 0% PPh; = trace PPh; = 0% PPh; = trace
NC F
(0] o)
MeO Me
13i 13j 13k

5=89% 7 =98%
6=97% 8=97%

5=95% 7 =94%
6=95% 10 = 90%

5=88% 7=95%
6=94% 8 =95%

PPh; = trace PPh; =0
OMe 0
131 OMe 13m

5=95% 7 =90%
6=90% 8 =95%
PPh; = trace

5§=82% 7=93%
6=95% 9=97%

Scheme 1. Substrate scope evaluation. “Reaction conditions: ArCl (1 equiv.),
ArB(OH), (1.5 equiv.), K;PO, (2 equiv.), Pd(OAC), (1 mol %), L (2 mol %),
toluene, 100°C, 12 h, Ar. Isolated yields from an average of two runs with
< 5% deviation. In all cases, succesful coupling was selective to the desired
biaryl product. Additional results in Table S2 (SI).

1 mol% Pd(OAc),,

R R R R
@C' * (HO)QB@ 2 mol% L, Toluene, 100 °C,

2 equiv. KsPOy, 12 h 13n-w
Yield(%)2

MeO
13n 130 13p 13q

5=65%"7=79% 5=70%"7=85%
6=97% 10=95% 6=93% 8=77%

14n-w 12a,f-g

5=64% 7=78% 5=60%"7=92%"
6=91% 9=06% 6=92%"9=02%

PPh; = 0% PPh; = 0% PPh; = 0% PPh; = 0%
H,N NH
=N Y N=(
i~ \ / ey
13r 13s CHa 13¢

5=64% 7 =85%
6=96% 8 =95%

5§=73% 7=90%
6=95% 10 =0%

5=25% 7 =trace
6=88% 9=91%

PPh; = 0% PPh; = 0% PPh; = trace
Me Me Me MeMe
0 OG0
Me 13u 13ve 13w® Me
5=67%"7 = 96%"” 6 = 93%" 7 = 94%" 6=66% 7=81%
6 = 95%°8 = 94%? 9=92% 9=94%

9=95% PPh; = 0%"

Scheme 2. Substrate scope evaluation. ¢ Reaction conditions: ArCl (1 equiv.),
ArB(OH), (1.5 equiv.), K;PO, (2 equiv.), Pd(OAC), (1 mol %), L (2 mol %),
toluene, 100°C, 12 h, Ar.® 4 mol % L. € Toluene/water (1:0.8). Isolated yields
from an average of two runs with < 5% deviation. In all cases, succesful
coupling was selective to the desired biaryl product. Additional results in
Table S3-S5 (S).
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diminished product yields (entry 5, Table 2), despite its utility in
DMA, DMF and dioxane (entries 35-40, Table S1, SI).*¥ More-
over, we found that the use of these conventional solvents with
the optimal base (K;PO,) resulted in low yields of the biaryl
product 13 (entries 8-10, Table 2).°** Among the Pd sources
listed in Table 2 (entries 12-15), Pd(OAc), proved to be superior.

The generality of the established reaction conditions, which
were also found to be optimal by other authors,"**” was
explored in the coupling of a wide range of electronically and
sterically diverse aryl chlorides and boronic acids (Schemes 1
and 2). In our early experiments of screening activated aryl
chlorides (Scheme 1), we observed that efficient couplings were
achieved with ligands that are either sterically hindered (6>
178.5°) and/or o-donating ('J.s>673 Hz). PPh;, which is
characterised by a less hindered (169.3°) and electron-deficient
(733 Hz) P-center was not effiective for the coupling of
activated aryl chlorides. For instance, coupling of p-substituted
aryl chlorides 14a-d with arylboronic acid 12a provided the
desired biaryl products 13a-d in excellent isolated yields (87 %-
97 %) using catalysts derived from ligands 5-7. On the other
hand, using PPh; as the ligand, biaryl product 13d was isolated
in trace amount (< 1%).

Couplings of o-substituted aryl chlorides 14e-h proceeded
efficiently with Pd-catalysts based on biaryl phosphacycles 5-7
(86%-98%, isolated product yields) and dialkylbiaryl phos-
phines 8-10 (80%-97 %, isolated product yields) (Scheme 1).
Similarly, Pd-catalysts based on PPh; were either inactive (in
couplings of aryl chlorides 14e and 14g) or exhibited notably
inadequate efficacy (in the formation of biary products 13f and
13 h). Biaryl phophinopyrole (PAP) ligands, which exhibit similar
stereoelectronic properties to biaryl phosphines 5-10, were
reported by Beller's group in the synthesis of products 13 e and
13f with isolated yields of 91% and 99%, respectively.”® It is
worth noting that cross-coupling of o-substituted aryl halides
remains a challenge for most catalyst systems due to their
reluctance to oxidative addition.*®""

Another limitation for most catalyst systems is coupling of
boronic acids comprising of electron-withdrawing substituents
due to their reduced nucleophilicity that retards transmetalla-
tion and enhances hydrodeboronation.”’>7 |t is worth
mentioning that biaryl products 13j and 13k (Scheme 1) were
efficiently produced in quantitative yields (88%-95%) using
biaryl phosphacyles 5-7 as ligands. Catalysts derived from
dialkylbiaryl phopshines 10 and 8 exhibited similar perform-
ances in the formation of biaryl products 13j and 13k with
isolated yields of 90% and 95%, respectively. Catalysts based
on PPh; were unsuccessful in the synthesis of biaryl product
13 k. Satisfactory results were also obtained for the synthesis of
the polysubstituted and naphthalene-based biaryl products 131
and 13m, respectively. The use of dialkylbiaryl phosphines as
ligands in coupling of arylboronic acid 12¢ was also reported
by Buchwald’s group achieving isolated yields of 81%-96%."

The focus was then shifted to coupling reactions involving
challenging substrates such as deactivated (14n-q), heterocy-
clic (14r-t), and sterically hindered (14u-w) systems
(Scheme 2). Combinations of Pd(OAc), and the sufficiently
hindered biaryl phosphacycles 6 and 7 formed effective

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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catalysts for synthesis of biaryl products 13n-q, with average
isolated yields of 93% and 84 %, respectively. Catalysts derived
from the less hindered biaryl phosphacyclic ligand 5 exhibited
lower efficacies in coupling reactions of deactivated aryl
chlorides, with an average isolated yield of 65%. A ligand
efficacy order of 6>7>5 (least hindered, 6=178.5°) was
observed for these coupling reactions, similarly to that of
Buchwald’s systems 9>10>8 (least hindered, 6=181.3°). It
appeared that catalyst systems based on ligands with sufficient
steric bulk (6>182.8°) provide facile access to biaryl products
13n-q. Secondly, the hemilabile 2’ and 6’ (OMe), substituents
of ligands 6 and 9 appear to be key features towards highly
active Pd-catalysts for coupling of aryl chlorides 14n-q.
Catalysts based on PPh; (6 =169.3°) were inactive in couplings
of 14n-q. Littke and Fu also observed no product formation in
their attempt to couple aryl chloride 14n using PPh; in
combination with Pd,(dba);"®

Subsequently, we broadened the applicability of this
coupling system to a small library of heterocyclic substrates
14r-t (Scheme 2). In general, moderate to high isolated yields
of biaryls products 13r and 13s were observed with Pd-
catalysts derived from the sufficiently hindered ligands 5-8
(178.5° > 6 <222.0°), irrespective of the ligand o-donor charac-
ter. For instance, the coupling of chloroamino-pyridine 14s
appeared to be sensitive to the ligand’s steric properties, as
evidenced by the inactive Pd-catalysts based the excessivelly
sterically hindered ligand 10 (6=228.5°). Similarly, this was
observed in the coupling of 2-chloropyridine and 2-chloroqui-
noline using dialkylbiaryl phosphine 10 and was attributed to
the ligand’s excess steric bulk.”” It was observed that the least
hindered ligand, PPh; (6=169.3°), also formed inactive Pd-
catalysts for the coupling of chloro-N-heterocyclic substrate
(Scheme 2). Pd-catalysed coupling of heteroaryl chloride 14t
was only achieved at high product isolated yields with ligands 6
(88%) and 9 (91 %), both of which are comprised of hemilabile
2" and 6’ (OMe), substituents. When compared to the coupling
of a similar di-o-substituted aryl chloride 14u, the free 0-amino
group of heteroaryl chloride 14t was suspected to impede
cross-coupling (via undesirable Pd—N coordination) using
ligands 5, 7, and PPh;.7”77? As previously observed, the hemi-
labile 2" and 6’ (OMe), substituents of ligands 6 and 9 appears
to be crucial as evidenced by the facile synthesis of biaryl
product 13t.

In general, the evaluation of sterically hindered substrates
14u-w revealed that the presence of bulky o-substituents on
the aryl chlorides appeared to influence the ligand choice for
facile couplings (Scheme 2). For instance, our early experiments
revealed that the coupling of the o-disubstituted aryl chloride
14 u proceeded efficiently with moderately hindered ligands 6-
9 (96-95% isolated product yields). On the other hand, catalysts
based on less hindered ligands (5 and PPh;) exhibited low to
moderate efficiency (0-67% isolated product yields). Using
standard reaction conditions, it was observed that the incorpo-
ration of bulky substituents on arylboronic acids 12f and 12g
impeded their coupling with aryl chlorides 14v and 14w. This
effect also observed by Xie,®™ was circumvented by using water
as an additive, following a similar approach reported by To and

Eur. J. Inorg. Chem. 2024, 202400068 (4 of 7)

Kwong."® A short study on the stimulant effect of using the
toluene/water solvent system revealed improved coupling
efficiency of arylboronic acids 12f and 12g with aryl chlorides
14v and 14w, as described in Figure S1 and Table S5.

Although the effect of water as an additive is not well
understood, there has been a few hypothesis, for example, from
Buchwald’s group, which assumed that trace amount of water
would either form a hydrated base or hydrolyse the boronic
acid, both of which facilitate transmetalation.”® In this study, it
was hypothesised that the addition of water in the coupling
reactions of sterically hindered arylboronic acids aid with the
complete solubilisation of K;PO, (2 equiv.). Subsequently, exhib-
iting dual roles in (i) the activation of the sterically hindered aryl
boronic acid as well as (ii) the displacement of the bound
borophosphonate to form the [LnPd(Ar1)(Ar2)] species
(Scheme 3).

Encouraged by previous studies involving the coupling of
challenging aryl chloride 140,%® we extended our study to
investigate its coupling with arylboronic acid 12a while varying
the reaction temperature and time (Table 2). In general, it
appeared that the ligand steric descriptors are one of the
parameters that influence the optimal reaction temperature
and time. For instance, using the top four performing ligands
(6, 7, 9, and 10), it was revealed that at 40°C, only the
sufficiently hindered ligand 7 formed active Pd-catalysts (Fig-
ure S2). At 60°C, catalysts based on the sufficiently hindered
ligands 7 and 9 exhibited superior catalytic performances
affording the desired biaryl product 130 in 77% and 93% (GC
yields), respectively (Figure S2). On the other hand, catalyst
systems based on ligands derived from the less hindered

L,Pd"
, Activation
Arl-Ar? Ar'-CI
L,Pd°
Reductive elimination Oxidative addition
AT
A LnPd"\CI
Ln?d"\ Transmetalation
A?
.
Ar'
L,Pd"
N
: 9
g HO OH o7 . o-P=0
TS w1 A
—P—0" -~ ~0—P—0" -0 !
| 1 (HO),B _-B(OH),
5K+ 0 | Q=
A =
Ko~ 0=P—0 OK
(i) Phosphate-induced ol
borate displacement
+ ,
3Kam *+ POs%ag
(i) Phosphate-induced
complete activation of ArB(OH);

dissociation| 20

complete
ciation

K3POg) 4“"55320 Ky + PO ooy

ArB(OH),

Scheme 3. The proposed dual roles of K;PO, (i and ii) in the coupling
reactions of sterically hindered aryl chlorides and aryl boronic acids in the
presence of water as a co-solvent.
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phobane moiety (6, GC yields=0%) and the excessively
hindered ‘Bu moiety (10, GC yields =21 %) were inferior at 60 °C.
It was found that 80°C was the optimal temperature for the
efficient operation of Pd catalysts based on ligands 6 and 10
(94% and 90% GC yields of biaryl product 13 o, respectively).

Overall, evaluating the ligands at 80°C for different time
intervals (1-12 h) revealed a ligand efficacy order of L9>L7 >
L10>L6 (Table 3). For instance, within 1-3h at 80°C, Pd-
catalysts based on L7 and L9 exhibited superior efficacy, with
GC product vyields ranging from 62-81% and 98-99%,
respectively. On the other hand, longer reaction times (6-12 h)
were required for sufficient product formation with Pd-catalysts
based on L6 and L10.

Conclusions

In summary, we observed that the ligand’s steric bulk is a
significant factor that exerts strong influence on the catalytic
performance. This was first evidenced by the consistent efficacy
of the strongly electron-deficient but sufficiently hindered biaryl
phosphacycle 7. Secondly, the strongly electron-donating but
least hindered biaryl phosphacycle 5 formed Pd-catalysts which
exhibited low to moderate efficacy particularly in coupling of
the challenging deactivated, sterically hindered, and hetero-
cyclic chloride substrates. While the performance of the recently
developed biaryl phosphacycles was comparable to that of the
closely related dialkylbiaryl phosphines 8-10, the latter ligand
derived from the excessively hindered ‘Bu moiety exhibited
limited to no product formation in coupling reactions of o-
substituted and 2-chloro-N-heterocyclic substrates. Further
application of the bench-stable biaryl phosphacycles is currently
being explored in other Pd-mediated transformations.

Experimental Section

General methods: All chemicals and anhydrous solvents were
purchased from Sigma-Aldrich and used without any further
purification unless otherwise specified. The synthesis and character-

Table 3. Coupling of aryl chloride 130 and arylboronic acid 12a as a
model reaction for time study experiments (1, 3, 6, and 12 h).?!

1 mol% Pd(OAc),,

2 mol% L, Toluene, 80 °C, 2

140 12a  equiv. KsPO4, 1h->12h 130
Ligand Yield (%)"
T Ts, Ten Tian
6 19 30 53 96
7 62 81 84 85
9 99 929 100 100
10 25 39 920 100
[a] Reaction conditions: ArCl (1 equiv.), ArB(OH), (1.5equiv.), K;PO,

(2 equiv.), 1 mol% Pd(OAc),, 2 mol% L, Toluene, 80°C, 1 h->12h, Ar. GC
yield from average of two experiments with <5% deviation, based on
ArCl.
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isation of biaryl phosphacycles L5-L7 is described in our previous
work.””" CyJohnPhos (L8), SPhos (L9), JohnPhos (L10) and PPh,
were purchased from Sigma-Aldrich. NMR-spectroscopy was per-
formed in CDCl; solutions using Bruker Ultrashield 400 MHz magnet
hyphenated to an Avance lll 400 MHz Console or 500 MHz magnet
hyphenated to an Avance Ill HD 500 MHz Console. A SHIMADZU
GC-FID was used for the quantification of compounds present in a
reaction mixture with n-decane as an internal standard, using a
RTX-1 column (L=100m, d=0.25 mm) with a film thickness of
0.50 um.

General procedure for Suzuki-Miyaura coupling of aryl halides
with boronic acids. An oven-dried ace pressure tube was
evacuated and backfilled with argon. Pd(OAc), (0.01 mmol,
1 mol%), ligand (0.02 mmol, 2 mol%), and K;PO, (2 mmol) was
added and the tube was evacuated and backfilled with argon.
Toluene (2.00 mL), aryl halide (1 mmol), boronic acid (1.5 mmol),
and n-decane (0.5 mmol, internal standard), were added to the
tube. The tube underwent a final evacuation/backfill cycle, sealed
with a screw cap, and allowed to stir at 100°C for the specified
times. Conversion, selectivity, and GC yields were quantified from
an aliquot (0.20 mL) of the reaction mixture using GC-FID. Upon
completion, the GC sample was transferred back into the main
reaction mixture, an aqueous work-up was performed (EtOAc:H20,
1:1).The organic layer was dried over MgSO,, filtered through a
cotton wool plug and concentrated on a rotary evaporator. Isolated
yields were obtained by purification of the crude product through
column chromatography using silica gel (EtOAc-hexane). 4-Methyl-
biphenyl.®” 'H NMR (400 MHz, CDCl,) 8=7.66-7.61 (m, 2H), 7.55
(d, J/=8.2 Hz, 2H), 7.51-7.44 (m, 2H), 7.41-7.34 (m, 1H), 7.30 (d, J=
8.0 Hz, 2H), 2.45 (s, 3H). *CNMR (101 MHz, CDCl;) 6=141.24,
138.44, 137.09, 129.57, 128.80, 127.08, 127.06, 21.18. 4-Methoxy-
biphenyl.”" "H NMR (400 MHz, CDCl;) 8 =7.61-7.53 (m, 4H), 7.47-
743 (m, 2H), 7.36-7.31 (m, 1H), 7.04-6.97 (m, 2H), 3.86 (s, 3H).
CNMR (101 MHz, CDCl;) 8=159.20, 140.88, 133.82, 128.78,
128.21, 126.79, 126.71, 114.26, 55.37. 4-Cyano-biphenyl.®” 'H NMR
(400 MHz, CDCl;) 8=7.73-7.63 (m, 4H), 7.60-7.55 (m, 2H), 7.50-
7.44 (m, 2H), 7.44-7.39 (m, TH). *CNMR (101 MHz, CDCl,) 6=
145.68, 139.18, 132.61, 129.14, 128.70, 127.75, 127.25, 118.97,
110.93. 4-Trifluoromethyl-biphenyl.®” 'H NMR (400 MHz, CDCl,)
0=7.72-7.65 (m, 4H), 7.62-7.58 (m, 2H), 7.51-7.43 (m, 2H), 7.44-
738 (m, 1H). *CNMR (101 MHz, CDCl;) 6=144.74 (d, Y=
1.2 Hz), 139.78, 129.02, 128.22, 127.45, 127.31, 125.73 (q, Y=
3.8 Hz), 122.99. 4-Acetyl-biphenyl.”” 'H NMR (400 MHz, CDCl;) =
8.05-7.99 (m, 2H), 7.69-7.65 (m, 2H), 7.63-7.59 (m, 2H), 7.49-7.43
(m, 2H), 7.42-7.36 (m, 1H), 2.63 (s, 3H). *C NMR (101 MHz, CDCl;)
0=197.90, 145.80, 139.87, 135.80, 129.00, 128.97, 128.28, 127.31,
127.27, 26.78.  Methyl-biphenyl-4-carboxylate.®”  'H NMR
(500 MHz, CDCl;) 6=8.11 (d, J/=8.3 Hz, 2H), 7.63 (dd, J=18.6,
7.7 Hz, 4H), 745 (t, J=7.5Hz, 2H), 7.38 (t, J=7.3 Hz, 1H), 3.93 (s,
3H). ®*C NMR (126 MHz, CDCl,) 8 =166.96, 145.65, 140.04, 130.11,
128.99, 128.92, 128.13, 127.27, 127.03, 52.04. Biphenyl-2-
carbaldehyde.”™ 'H NMR (400 MHz, CDCl;) & 9.98 (s, 1H), 8.03 (d,
J=7.8Hz 1H), 7.62 (t, J=7.5 Hz, 1H), 7.50-7.42 (m, 5H), 7.37 (d, J=
5.9 Hz, 2H). *C NMR (101 MHz, CDCl;) §=192.51, 146.00, 137.75,
133.71, 133.63, 130.82, 130.15, 128.80, 128.48, 128.17, 127.82,
127.59, 127.19. 2-Trifluoromethyl-biphenyl.”” "H NMR (500 MHz,
CDCl;) 8=7.75 (d, J=7.8 Hz, 1H), 7.55 (t, J=7.5Hz, TH), 7.46 (t, J=
7.6 Hz, TH), 7.42-7.32 (m, 6H). *C NMR (126 MHz, CDCl,) §=141.47,
139.89, 135.66, 132.04, 131.26, 12895, 127.74, 127.61, 127.31,
126.05 (g9, 'Jos=53Hz), 12529, 123.11. 2-Cyano-biphenyl.””
'H NMR (400 MHz, CDCl;) §=7.77-7.73 (m, 1H), 7.66-7.60 (m, TH),
7.58-7.53 (m, 2H), 7.52-7.48 (m, 2H), 7.48-7.40 (m, 3H). *C NMR
(101 MHz, CDCl,) 6 =145.49, 138.16, 133.80, 132.92, 130.14, 128.81,
128.79, 128.77, 127.62, 118.84, 111.24. Methyl-biphenyl-2-
carboxylate.”™ "HNMR (500 MHz, CDCl;) §=7.84 (d, J=7.7 Hz,
1H), 7.56-7.50 (m, TH), 7.43-7.31 (m, 7H), 3.64 (s, 3H). *C NMR
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(126 MHz, CDCl,) 8 =169.11, 142.55, 141.40, 131.22, 130.99, 130.72,
129.79, 128.76, 128.36, 128.04, 127.23, 127.16, 51.85. 3-Cyano-
biphenyl.”” '"H NMR (500 MHz, CDCl,) =7.84 (s, 1H), 7.79 (d, J=
7.9 Hz, 1H), 7.61 (d, J=7.7 Hz, TH), 7.56-7.50 (m, 3H), 7.47 (t, J=
7.5 Hz, 2H), 7.40 (t, J=7.3 Hz, 1H). ®*C NMR (126 MHz, CDCl;) 6=
142.47, 138.88, 131.48, 130.70, 129.61, 129.14, 128.42, 127.09,
118.84, 113.01. 3-Methoxy-biphenyl.”" "H NMR (500 MHz, CDCl,)
8=7.69 (d, J=7.6 Hz, 2H), 7.53 (t, J=7.5 Hz, 2H), 7.48-7.41 (m, 2H),
731-7.22 (m, 2H), 7.05-6.95 (m, TH), 3.94 (s, 3H). *CNMR
(126 MHz, CDCl;) 8 =160.07, 142.86, 141.21, 135.72, 132.74, 129.83,
128.81, 127.49, 127.27, 119.76, 113.02, 112.78, 55.34. 4-Amino-
biphenyl.”® "H NMR (500 MHz, CDCl;) §=7.56 (d, J=7.6 Hz, 2H),
7.45-7.39 (m, 4H), 7.29 (t, J=7.3 Hz, 1H), 6.76 (d, J=8.3 Hz, 2H), 3.71
(bs, 2H). *CNMR (126 MHz, CDCl;) &=14592, 141.22, 131.59,
128.71, 128.04, 126.44, 126.30, 115.44. Methyl-4'~(trifluoromethyl)-
biphenyl-4-carboxylate.”? 'H NMR (500 MHz, CDCl;) §=8.12 (d,
J=8.1Hz, 2H), 7.70 (s, 4H), 7.64 (d, J=8.1 Hz, 2H), 3.93 (s, 3H).
BCNMR (126 MHz, CDCl;) 8=166.68, 144.02, 143.52, 130.24,
129.86, 127.58, 127.21, 12584 (q, 'Jc=3.7 Hz), 123.05, 52.15.
3',4,5'-Trimethoxy-biphenyl-4-carbonitrile.”” 'H NMR (500 MHz,
CDCly) §=7.69 (d, J=8.4 Hz, 2H), 7.62 (d, J=8.4 Hz, 2H), 6.74 (s,
2H), 3.91 (s, 6H), 3.88 (s, 3H). "*C NMR (126 MHz, CDCl;) 6 =153.74,
145.74, 138.85, 134.97, 132.53, 127.65, 118.86, 110.85, 104.68, 60.97,
56.31. 3',4-Difluoro-biphenyl-4-acetyl.”® "H NMR (500 MHz, CDCl,)
8=8.00 (d, J=8.4 Hz, 2H), 7.58 (dd, /=8.2, 1.3 Hz, 2H), 7.41 (td, J=
8.6, 6.5 Hz, 1H), 6.99-6.87 (m, 2H), 2.61 (s, 3H).”*C NMR (126 MHz,
CDCl;) 8=197.56 (s), 162.81 (dd, 'Jo;=2504, *Jo=11.9 Hz),
159.84 (dd, 'Jo=251.6, Uc=11.9Hz), 139.66 (d, “Jor=1.2 Hz),
136.24 (s), 131.39 (dd, Y r=9.6, *Jc ;=47 Hz), 129.06 (d, *Je=
3.1 Hz), 128.54 (s), 124.21 (dd, *Jc r=13.5, *Jcr=3.9 Hz), 111.84 (dd,
Yo =212, 3Jc;=3.8Hz), 10461 (dd, *Jc =263, *Jo ;=255 Hz),
26.61 (s). 1-(4-(Trifluoromethyl)-phenyl)-naphthalene.”® 'H NMR
(500 MHz, CDCl,) =7.95-7.89 (m, 2H), 7.82 (d, J=8.4 Hz, 1H), 7.76
(d, J=8.0 Hz, 2H), 7.62 (d, J=8.0 Hz, 2H), 7.57-7.51 (m, 2H), 7.48-
7.40 (m, 2H). *C NMR (126 MHz, CDCl;) 8 =144.55, 138.77, 133.85,
131.32, 130.41, 129.69, 129.56 (d, %J_=32.5 Hz), 129.43, 128.43 (d,
3 r=6.0 Hz), 127.02, 126.45, 126.05, 125.52, 125.34, 125.26 (q,
'Jes=3.8 Hz). 3-Amino-6-phenyl-pyridine.”® 'H NMR (500 MHz,
CDCl;) $=8.14 (s, 1H), 7.89 (d, J=7.8 Hz, 2H), 7.50 (d, J=8.4 Hz,
TH), 7.41 (t, J=7.5Hz, 2H), 7.31 (t, J=7.3 Hz, 1H), 6.98 (dd, J=8.4,
1.9 Hz, 1H), 3.76 (bs, 2H). ®CNMR (126 MHz, CDCl;) 8=147.99,
141.52, 139.59, 137.15, 128.64, 127.70, 126.01, 122.30, 120.74. 4-
Amino-6-phenyl-pyridine.”” 'H NMR (500 MHz, DMSO) 6 =7.10 (d,
J=5.5Hz, 1H), 6.88 (d, J=7.5 Hz, 2H), 6.38 (t, J=7.5 Hz, 2H), 6.31 (t,
J=7.2Hz, 1H), 5.98 (s, TH), 5.50-5.42 (m, 1H), 4.85 (s, 2H). *C NMR
(126 MHz, DMSO) §=157.02, 155.43, 149.79, 14031, 128.65,
128.59, 126.69, 108.36, 105.82. 2,6-Dimethyl-5-phenyl-pyrimidin-4-
amine." "H NMR (500 MHz, CDCl;) =7.43 (t, J=7.6 Hz, 2H), 7.35
(t, J=7.3 Hz, 1H), 7.21 (d, J=7.5 Hz, 2H), 4.86 (bs, 2H), 2.46 (s, 3H),
2.09 (s, 3H). *C NMR (126 MHz, CDCl,) 8 =165.67, 162.51, 161.12,
134.77, 129.66, 129.45, 128.16, 114.39, 25.64, 22.19. 2,2,6-Trimeth-
yl-biphenyl."™ 'HNMR (500 MHz, CDCl;) 8=7.35-7.27 (m, 3H),
7.24-7.19 (m, TH), 7.18-7.14 (m, 2H), 7.09-7.05 (m, 1H), 2.03 (s, 3H),
2.01 (s, 6H). ®CNMR (126 MHz, CDCl;) & =141.15, 140.63, 135.89,
135.66, 130.02, 128.91, 127.28, 127.06, 126.97, 126.10, 20.35, 19.42.
2,6-Dimethyl-biphenyl."® 'H NMR (500 MHz, CDCl,) 6=7.53-7.46
(m, 2H), 7.41-7.38 (m, 1H), 7.27-7.16 (m, 5H), 2.11 (s, 6H). *C NMR
(126 MHz, CDCl;) 8 =141.96, 141.20, 136.11, 129.10, 128.50, 127.37,
127.11, 126.69, 20.93. 4-Fluoro-2,2'-dimethyl-biphenyl."® 'H NMR
(500 MHz, CDCl;) 8=7.31 (s, 2H), 7.27 (m, 1H), 7.23-7.19 (m, 1H),
7.14 (d, J=7.3 Hz, 1H), 7.06 (t, J=8.8 Hz, TH), 6.96 (d, J=7.4 Hz, TH),
2.11 (s, 3H), 2.04 (s, 3H). *C NMR (126 MHz, CDCl,;) 6=161.54 (d,
Yo ;=2443 Hz), 144.01 (d, *Jc ;=44 Hz), 14032 (d, *Jc =24 Hz),
135.85 (s), 129.94 (s), 129.29 (s), 127.55 (s), 126.44 (d, Y =9.0 H2),
125.66 (s), 124.95 (d, °Jc_s=3.0 Hz), 123.35 (d, *Jc ;= 16.3 Hz), 113.68
(d, e r=22.8 Hz), 19.74 (s), 11.67 (d, “Jo_=4.6 Hz).
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crucial for efficient coupling of struc-
turally and electronically diverse aryl
chlorides and arylboronic acids.

Structure-activity studies of biaryl
phosphacyclic and dialkyl ligands
revealed fine-tuned steric bulk to be
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